The receptor for macrophage colony-stimulating factor 1 receptor (CSF1R) is a product of the proto-oncogene c-fms and a member of the class III transmembrane tyrosine kinase receptor family. Earlier, we described increased mRNA expression of CSF1R in human telomerase reverse transcriptase (hTERT) immortalized human ovarian surface epithelial (IOSE) cell lines derived from a single donor. Here, we further describe that CSF1R is upregulated at both the mRNA and protein level in hTERT immortalized human normal OSE cells from two different donors and in hTERT immortalized human pancreatic ductal epithelial cells. CSF1R was not upregulated in hTERT immortalized epithelial clones that subsequently underwent senescence or in immortalized fibroblasts. Upon stimulation by the CSF1R ligand CSF1, the immortalized epithelial cell lines showed rapid internalization of CSF1R with concomitant down-modulation and colocalization of phosphorylated NFjBp65 with hTERT protein, hTERT translocation into the nucleus and the binding of c-Myc to the hTERT promoter region. Reducing the expression of CSF1R using short hairpin interfering RNA abolished these effects and also decreased cell survival and the number of population doublings under suboptimal culture conditions. The telomerase inhibitor GRN163L confirmed a role for telomerase in the cleavage of the intracellular domain of CSF1R. On the basis of these findings, we suggest that CSF1R may be a critical factor facilitating hTERT immortalization of epithelial cells.
The receptor for macrophage colony-stimulating factor 1 receptor (CSF1R) is a product of the proto-oncogene c-fms and a member of the class III transmembrane tyrosine kinase receptor family. Earlier, we described increased mRNA expression of CSF1R in human telomerase reverse transcriptase (hTERT) immortalized human ovarian surface epithelial (IOSE) cell lines derived from a single donor. Here, we further describe that CSF1R is upregulated at both the mRNA and protein level in hTERT immortalized human normal OSE cells from two different donors and in hTERT immortalized human pancreatic ductal epithelial cells. CSF1R was not upregulated in hTERT immortalized epithelial clones that subsequently underwent senescence or in immortalized fibroblasts. Upon stimulation by the CSF1R ligand CSF1, the immortalized epithelial cell lines showed rapid internalization of CSF1R with concomitant down-modulation and colocalization of phosphorylated NFjBp65 with hTERT protein, hTERT translocation into the nucleus and the binding of c-Myc to the hTERT promoter region. Reducing the expression of CSF1R using short hairpin interfering RNA abolished these effects and also decreased cell survival and the number of population doublings under suboptimal culture conditions. The telomerase inhibitor GRN163L confirmed a role for telomerase in the cleavage of the intracellular domain of CSF1R. On the basis of these findings, we suggest that CSF1R may be a critical factor facilitating hTERT immortalization of epithelial cells. Keywords: colony-stimulating factor 1 receptor; hTERT; immortalization; human epithelial cells Colony-stimulating factor 1 receptor (CSF1R) is normally expressed on monocytes, macrophages and their precursors. In macrophages, the binding of macrophage colony-stimulating factor (CSF1, MCSF) to CSF1R results in rapid CSF1R dimerization and autophosphorylation of tyrosine residues on its intracellular domain. This initiates a cascade of mitogenic responses and pathways involved in macrophage proliferation, differentiation and survival (Stanley et al., 1983; Sherr et al., 1988; Rohrschneider et al., 1997) .
In cancer, the elevated expression of CSF1R in malignant epithelial cells of breast, ovary, pancreas and lung carcinomas correlates with high tumor grade and poor prognosis (Kacinski et al., 1988 (Kacinski et al., , 1989 (Kacinski et al., , 1990 Tang et al., 1992; Scholl et al., 1994) .
We earlier generated three immortal human ovarian surface epithelial (IOSE) cell lines from one primary culture of normal OSE (NOSE) cells by retroviral introduction of hTERT cDNA. We observed that pRb and p53 were functional, and interestingly, that expression of CSF1R mRNA was significantly increased in a 96-gene Real-time RT-PCR array (Li et al., 2007) . We found that the mRNA level of CSF1R increased 1000-to 10 000-fold in all three IOSE cell lines, whereas the transcription level of epidermal growth fator receptor increased two fold, and fibroblast growth factor receptor and vascular endothelial growth factor receptor showed no significant change. On the basis of this preliminary finding, we speculated that CSF1R may play a role in hTERT immortalization. To test this hypothesis, we further generated hTERT immortalized OSE cell lines from another healthy donor and one germline BRCA1 mutation carrier using the method described before (Li et al., 2004) . Eight of the 18 hTERT-overexpressing clones (44.4%) that were derived from the normal donor developed into immortal IOSE lines, whereas the other 10 clones underwent senescence after four or five passages. Twenty-three out of 34 hTERT-overexpressing clones (67.6%) from the BRCA1 mutation carrier developed into IOSE lines, whereas the other 11 clones underwent senescence after eight passages.
We conducted detailed studies on four of these immortal lines. IOSE25-C2 and IOSE25-C26 were from the normal female individual, and IOSE20-C2 and IOSE20-C5 were from the known germline BRCA1 mutation carrier. All four lines maintained normal chromosome numbers with a minimum level of chromosomal variance as analysed by CGH array (data not shown). Telomerase ELISA assays were performed to confirm the activation of telomerase in all immortal lines (Supplementary Figure 1) . The immortal characteristics of these cell lines were confirmed using the methods and criteria described before (Li et al., 2004) .
Consistent with our earlier observations (Li et al., 2004) , we found increased CSF1R mRNA and protein expression in all four IOSE lines compared to the parental lines (Figures 1a and b) . However, senescent hTERT-overexpressing cells generated from the same primary OSE culture did not show elevated expression of CSF1R (Figure 1b) .
Immortalized primary cultures of pancreatic ductal epithelial cells (DEC-hTERT) also had elevated CSF1R expression, whereas fibroblast/stellate cells (PS1-hTERT) did not (Figures 1a and b) . The upregulated CSF1R in the immortal cells showed functional internalization after CSF1 stimulation, which was abolished by applying a CSF1R-neutralizing antibody to the immortal cells before their exposure to CSF1 (Supplementary Figure 2 ).
To understand the biological significance of CSF1R overexpression in hTERT immortalized epithelial cells, we generated and expressed a construct that carried a short hairpin interfering RNA targeting CSF1R (shCSF1R) in the IOSE cell lines. The efficiency of short hairpin interfering RNA in knocking down CSF1R expression was confirmed at the protein level (Figure 2a) . A scrambled short hairpin interfering RNA construct obtained from commercial sources was used as a Mock control for transient transfection. Transient transfection of the shCSF1R construct significantly reduced cell viability ( Figure 2b ) and increased PIannexin V double positive cells 24 and 48 h posttransfection ( Figure 2c ). These results were reproduced in all IOSE lines. Compared to the empty vector control, stable transfection with the shCSF1R construct yielded very few cell clones after positive antibiotic selection. We subcloned the IOSE25-shCSF1R and IOSE 20-shCSF1R lines that stably expressed the shCSF1R construct as well as their vector control lines IOSE25-Mock and IOSE20-Mock. Long-term culture of the IOSE25-shCSF1R line and the IOSE25-Mock line in low-serum medium decreased population doublings in the shCSF1R cells (Figure 2d ). However, senescence associated b-Gal (SA-b-Gal) staining of these lines showed decreased senescence in the shCSF1R cells ( Figure 2e ). This may suggest that the upregulation of CSF1R in the hTERT immortalized cells is involved in promoting cell survival and proliferation, but not in suppressing cell senescence.
Although there were no significant differences in mRNA expression of the ligand CSF1 between the parental normal cells and the hTERT immortalized cells (Figure 1c) , there was significantly less CSF1 protein in the supernatant of IOSE cells than that in the parental NOSE cells (Po0.001), and no CSF1 in culture supernatants from either the DEC cells or the PS1 cells (Figure 1d ).
In the shCSF1R IOSE cell lines, the concentration of secreted CSF1 was significantly decreased (Po0.01). However, when cultured in low-serum medium, both the shCSF1R and Mock lines showed increased secretion of CSF1, and this reached levels similar to the parental NOSE cells (Figure 3a ). This suggests that CSF1R may regulate the secretion of its ligand CSF1, and the lowserum medium triggers an autocrine CSF1-CSF1R loop. We then performed an in vitro transwell migration assay on the shCSF1R and Mock IOSE lines to further investigate the CSF1-CSF1R loop and its effect on cellular function. The shCSF1R lines showed half the number of migrated cells compared to the Mock control lines either with or without CSF1 treatment ( Figure 3b ). Interestingly, when 10 ng/ml CSF1 was used as a chemoattractant, both Mock and shCSF1R lines showed no significant change in cell migration. We suspected that the low-serum conditions used during this assay enhanced the autocrine CSF1-CSF1R loop, which led to the lack of a response of the IOSE cells to the addition of CSF1. Thus, we next applied a CSF1-neutralizing antibody instead of CSF1 to the IOSE cell lines in the transwell assay to disrupt the CSF1-CSF1R loop. This resulted in a significant dose-dependent decrease (Po0.001) in cell migration in both the Mock control and the shCSF1R lines.
In the in vitro wound-healing assay, 24 h live cell imaging using time-lapse microscopy showed significantly slower migration rates and disorientated movement of shCSF1R IOSE cells than the Mock IOSE cells (Supplementary Movie 1) .
In contrast to the IOSE cells, the DEC-hTERT cells showed significantly increased migration when using CSF1 as a chemoattractant. This increased migration Figure 1 Human telomerase reverse transcriptase (hTERT) immortalized epithelial cell lines showed upregulation of colonystimulating factor 1 receptor (CSF1R), but not of CSF1. (a) Relative CSF1R mRNA expression levels of hTERT immortalized epithelial cell lines are highly elevated compared to parental cells. The 18S mRNA level was used as an endogenous control and all CSF1R mRNA levels were first normalized to 18S, then calibrated to the CSF1R levels of their parental normal cells (*Po0.001). (b) Western blot analysis of total cell lysates showed 108 and 52 kDa fragments of CSF1R. Information about antibodies and experimental procedures are detailed in the Supplementary Information. (NOSE25L: parental normal OSE cells from a normal donor; IOSE25-C2 and IOSE25-C26: hTERT immortalized lines derived from NOSE25L; IOSE25-C6,C8: hTERT-overexpressing cell clones that were derived from NOSE25L, but underwent senescence at passages 7 and 8. NOSE20: parental normal OSE cells form a BRCA1 mutation carrier; IOSE20-C6 and IOSE20-C8: hTERT immortalized lines derived from NOSE20; DEC: parental normal ductal epithelial cells; DEC-hTERT: hTERT immortalized ductal epithelial line derived from DEC; PS1: parental normal fibroblast/stellate cells; PS1-hTERT: hTERT immortalized fibroblast/stellate cells derived from PS1.) (c) Relative CSF1mRNA expression levels showed no significant change in the immortal cell lines compared to their parental counterparts. (d) Macrophage colony-stimulating factor ELISA of cell culture supernatants from parental and immortal cells was performed following manufacturers instructions (R&D Systems Europe Ltd, Abingdon, UK). The immortalized ovarian surface epithelial (IOSE) cell lines showed significantly lower CSF1 concentrations than the parental cells (Po0.001). (Figure 3c ). Taken together with our finding that secreted CSF1 was not detected in the DEC-hTERT culture medium (see Figure 1d) , we propose that the DEC-hTERT cells may rely on a paracrine CSF1-CSF1R mechanism to enhance cell migration.
In immunoblot analysis of the cell component extracts, the 52 kDa fragment of CSF1R was present in nuclear extracts of the parental NOSE cells (Figure 4a) . However, the Mock IOSE cells showed increased levels of the 108 kDa CSF1R protein in both the cytosolic and nuclear extracts, as well as high levels of the 52 kDa fragments in the cytosolic extracts. The shCSF1R IOSE cells showed expression of the 108 and 52 kDa fragments only in the cytosolic extracts, and no fragments in the nuclear extracts (Figure 4a ). CSF1 treatment of the immortalized Mock IOSE cells enhanced the down modulation of CSF1R as visualized by decreased intensity of the 108 and 52 kDa fragments in the cytosolic extracts ( Figure 4a ). As expected, the parental OSE cells and shCSF1R IOSE cells showed few changes in CSF1R expression upon CSF1 treatment.
On the basis of this finding, we next treated the Mock IOSE and shCSF1R IOSE cell lines with the telomerase inhibitor GRN163L, a 13mer lipid-modified N3 0 -N5 0 thio-phosphoramidate oligonucleotide that is complementary to the template region of telomerase mRNA. GRN163L inhibits telomerase activity by directly binding and blocking the active enzymatic site of hTERT. Cells were treated for 96 h to achieve a maximum inhibitory effect on telomerase activity (Herbert et al., 2005) . TRAP ELISA assays confirmed the depletion of telomerase activity after GRN163L treatment (Supplementary Figure 3) . In the Mock control cells, inhibition of telomerase activity led to a Negative control shCSF1R+hTERT probe+MycAb shCSF1R+cold-probe+MycAb addition of CSF1 peptide to the telomerase-inactivated cells led to the accumulation of the 52 kDa CSF1R fragment (Figure 4b ). This suggests that the activated telomerase may participate in the intracellular processing of the CSF1R to yield the 52 kDa fragment. We performed immunofluorescence staining on IOSE cells to investigate possible intracellular structure(s) that may link CSF1R to hTERT. Consistent with an earlier report (Akiyama et al., 2003) , we found a rapid expression of activated NFkBp65 in the Mock control cells after CSF1 treatment, and co-localization of activated NFkBp65 with hTERT in the cytoplasm (Figure 4c) . Interestingly, this co-localization appeared as a 'cap-like' structure, which was peri-nuclear 30 and 60 min after CSF1 stimulation and disappeared at 90 min but re-appeared at 120 min. However, shCSF1R cells showed much weaker expression of phosphoNFkBp65 than the Mock control cells, and a delayed colocalization of active p65 with hTERT at 90-120 min after CSF1 stimulation (Figure 4c ). The dynamic expression of phospho-NFkBp65 in the CSF1-treated Mock control and shCSF1R cells was confirmed by western blot analysis (data not shown). Immunoprecipitation of total lysates of the IOSE cells 30 min after CSF1 stimulation using an anti-hTERT antibody, followed by immunoblot analysis using an antiNFkBp65 antibody, confirmed the complex formation of NFkBp65 with hTERT ( Figure 4d) . Furthermore, western blot analysis of cell component protein extracts at 30 min after CSF1 stimulation confirmed the increased nuclear translocation of hTERT in the Mock control cells (Figure 4e ). In contrast, the shCSF1R cells showed no increased complex formation following CSF1 stimulation, and a much lower level of nuclear hTERT at 30 min after CSF1 stimulation. This is consistent with our findings in the immunofluorescence-staining assay.
As it has been suggested that the intracellular domain of the CSF1R is able to relocate into the nucleus to participate in the transcriptional regulation of specific genes (Urban and Freeman, 2002) , we next asked whether CSF1-CSF1R signaling is involved in the transcriptional regulation of hTERT. Thirty minutes after stimulation with 10 ng/ml CSF1, the Mock control IOSE cells showed significant protein binding to the hTERT promoter region as visualized by an EMSA gel shift assay using an hTERT promoter probe containing c-Myc recognition sites (Figure 4f ). Further EMSA super-shift assays of the Mock control cells with an antic-Myc antibody in the binding reaction mixture confirmed that c-Myc bound to the hTERT promoter region 30 min after CSF1 stimulation (Figure 4g) . However, the shCSF1R cells failed to show any band shift after stimulation with CSF1 (Figures 4f and g ). Telomerase inhibitor treatment (GRN163L) before CSF1 stimulation could not abrogate this binding reaction (data not shown). This suggests that CSF1-CSF1R signaling is involved in the regulation of endogenous hTERT transcription by inducing c-Myc binding to its promoter. Furthermore, this induction is not dependent on elevated telomerase activity. All results above were reproducible in both the IOSE25 and IOSE20 cell lines (data not shown).
In an earlier study, we compared the gene expression profile of three hTERT immortalized OSE cell lines derived from a single donor with parental primary OSE cells using an un-biased Real-time RT-PCR 96-gene array (Li et al., 2007) and detected CSF1R overexpression in the immortalized IOSE cells.
Here, we confirmed and extended our earlier preliminary finding that CSF1R mRNA and protein were upregulated in hTERT immortalized epithelial cells. Furthermore, we showed that upregulation of CSF1R was not present in fibroblast cell lines or epithelial cells that underwent senescence. As 44.4% (from the normal donor) and 67.6% (from the BRCA1 mutation carrier) of hTERT-overexpressing epithelial cell clones from the two donors were immortalized, and CSF1R was upregulated in all immortalized clones, it is unlikely that the observed upregulation of CSF1R has been caused by random integration events. We propose that CSF1R is essential for hTERT immortalization of OSE cells. Further experiments are being carried out to identify the intermediate mechanisms/molecules linking hTERT overexpression with CSF1R transcriptional activation.
Earlier studies have shown immortalization of human epithelial cells through disruption of pRb and/or p53 function in combination with overexpression of hTERT (Whitaker et al., 1995; Hahn, 2002; Yang et al., 2006) . However, we and others have described earlier that the only step required for the immortalization of somatic cells is activation of telomerase (Jiang et al., 1999; Morales et al., 1999; Li et al., 2007) . In our study, we generated hTERT immortalized epithelial cell lines without disruption of pRb and p53 function. These hTERT-overexpressing cells appeared to rely on CSF1R to maintain their survival and proliferation. Strikingly, knocking down CSF1R in the stable shCSF1R-expression cell lines did not increase cell senescence. On the contrary, it led to a significant decrease in the proportion of senescent b-Gal-stained cells. This may be explained by the fact that, in these non-malignant cell lineages, CSF1R is closely related with the mitogenic signaling that also results in mitogen-induced senescence, such as Ras-induced senescence. Thus, knocking down CSF1R expression may induce rapid cell death and also reduce mitogen-related senescence in the remaining attached cells.
In this study, we identified a novel function of CSF1R in enhancing cell survival, proliferation and migration as well as promoting the transcriptional regulation and intracellular translocation of hTERT. A potential scenario consistent with these results is shown in Supplementary Figure 4 .
Abbreviations CSF1, colony-stimulating factor 1; CSF1R, colony-stimulating factor 1 receptor; IOSE, immortal ovarian surface epithelial cell; OSE, ovarian surface epithelium; PI, propidium iodide.
